Ground vibration induced by the collapse of large-scale cooling towers in nuclear power plants (NPPs) has recently been realized as a potential secondary disaster to adjacent nuclear-related facilities with demands for vibration mitigation. The previous concept to design cooling towers and nuclear-related facilities operating in a containment as isolated components in NPPs is inappropriate in a limited site which is the cases for inland NPPs in China. This paper presents a numerical study on the mitigation of ground vibration in a "cooling tower-soil-containment" system via a novel application of two materials acting as cushions underneath cooling towers, that is, foamed concrete and a "tube assembly." Comprehensive "cooling tower-cushion-soil" models were built with reasonable cushion material models. Computational cases were performed to demonstrate the effect of vibration mitigation using seven earthquake waves. Results found that collapse-induced ground vibrations at a point with a distance of 300 m were reduced in average by 91%, 79%, and 92% in radial, tangential, and vertical directions when foamed concrete was used, and the vibrations at the same point were reduced by 53%, 32%, and 59% when the "tube assembly" was applied, respectively. Therefore, remarkable vibration mitigation was achieved in both cases to enhance the resilience of the "cooling tower-soil-containment" system against the secondary disaster.
Introduction
A quantity of nuclear power plants (NPPs) will be built in inland China in the next several years to meet the rapidly increasing energy demand [1] . Consequently, cooling towers were planned for construction as indispensable heat rejection devices in inland NPPs. Most of these cooling towers are large-scale and adjacent to a nuclear island due to economic benefit and site limitations. Their heights have usually been designed to be more than 200 m and the typical spacing to the adjacent nuclear islands is about 300 m [2] . At present, the highest cooling tower worldwide is 200 m high and located at Niederaussem, Germany [3] . For safety's sake, it is reasonable to realize that these huge towers may collapse under accidental loads, for example, earthquakes or strong winds far beyond the design level [4] . The collapse of the towers can induce secondary disasters, for example, intensive ground vibrations featured with a mass of uncertain positions of vibratory sources distributing throughout a large area of ground surface. For typical case using strongly weathered sandy slate as foundation soil, the maximum acceleration amplitude of ground vibration in radial direction at a distance of 350 m can reach as high as 0.29 g [4] . This will detrimentally affect the safe operation of the close-by nuclear-related facilities and have critical implications of nuclear accidents, as illustrated in Figure 1 . However, these risks are not included in the current design concepts of NPPs in which cooling towers and nuclear-related facilities operating in a containment have been designed as fully isolated components [5, 6] .
Vibration-related potential risks can be appropriately controlled by reducing the ground vibration to a limited level in the framework of a "cooling tower-soil-containment" system. In practice, several measurements are available to reduce impact-induced ground vibration, for example, soft soil acting as a cushion, an isolation trench, and a recipient isolator [7] [8] [9] . Among them, the application of soft materials acting as a cushion layer proved to be both efficient and economical under specific circumstances and was widely used in 
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engineering. For instance, in high-speed railway engineering, rubber bearings were used as resilient elements to reduce train-induced vibrations transmitting to surrounding areas [10, 11] . In similar scenarios of shelters subjected to rockfall impacts, the dynamic response of the shelters can be significantly reduced when sand cushion or used tire cushion layers were applied [12, 13] .
To enhance the resilience of the "cooling tower-soilcontainment" system in a disaster scenario, two energy dissipation materials were innovatively applied and acted as a cushion in this study. Figures 2 and 3 illustrate the schematic arrangement of the two materials, that is, foamed concrete and a "tube assembly," which means a mass of thin-walled circular steel tubes were horizontally arranged to form a type of cellular material. Foamed concrete is a kind of porous material and has been used as soft ground arresters for an aircraft overrunning the runway accident [19] . As illustrated in Figure 2 , both the leading and trailing wheels were hindered by horizontal drag forces provided by the arrestor bed. Compared to clay, sand, and water, foamed concrete is appropriate for arresting overrunning aircraft due to its stable mechanical properties over a broad range of temperature, negligible crushing-rebounding behavior, durability, and chemically inert composition [20, 21] . On the other hand, thin-walled circular steel tubes could buckle in a form of progressive folds and fail in concertina mode when subjected to uniaxial compression, as illustrated in Figure 3 . The crushing behavior of tubes is associated with high energy absorption capacity [15, 22] . Plastic buckling and the resulting failure modes mainly depend on geometrical parameters, for example, ratios of height to diameter and diameter to thickness. In other words, different geometric parameters can result in failure modes rather than concertina mode, for example, diamond failure mode and Euler failure mode [23] . As far as the authors know, neither material has been used to mitigate impact-related ground vibration in civil infrastructure.
This paper presents a numerical study of novel application of two materials (i.e., foamed concrete and the "tube assembly") acting as cushions to reduce collapse-induced ground. To achieve this, the behavior of the materials was first investigated. Then, numerical approach to build "cooling tower-cushion-soil" models was presented in detail. Using these models, the collapse of a cooling tower was finally simulated and comparative computation was performed to demonstrate ground vibration reduction by using each cushion. In the simulation, the commercial finite element program ANSYS/LS-DYNA was used [24] .
Cushion Materials
The ground vibration reduction closely depends on the properties of the cushion material. In case of a cushion impacted by falling fragments of a collapsed tower, the stressstrain relationship of the cushion material under uniaxial compression is critical because the cushion is dominantly under vertical loads. In this study, proper stress-strain relationships of foamed concrete and the "tube assembly" were obtained based on experimental studies in the literature and trial computations using the models presented in Section 3 to achieve appropriate effect of vibration reduction. Cushion heights were adopted as 4 m and 2.4 m for foamed concrete and the "tube assembly," respectively. 
Foamed Concrete.
Studies have indicated that the mechanical behavior of foamed concrete under uniaxial compression is primarily dependent on its density and temperature, while being insensitive to strain rate [14] . Foamed concrete with a density of 0.37 g/cm 3 in [14] was chosen for use in this study for vibration mitigation based on trial computations. Figure 4 illustrates the tested stress-strain curves under uniaxial compression, which was chosen for foamed concrete applied in this study. The curve was featured with three stages: the linear elastic stage, crushing plateau stage, and densification stage. The crushing plateau stage is not flat but actually has a negative slope.
A material model with the keyword * MAT CRUSHABLE FOAM was used, which was provided by the program ANSYS/LS-DYNA and especially applicable to crushable foam-like materials. Poisson's ratio and the damping coefficient of foamed concrete were both set to 0. Its tensile strength was adopted as 0.3 MPa based on the studies in [25] . Elastic behavior was assumed for unloading.
Tube
Assembly. Different from foamed concrete, experimental data or expressions are presently not available to describe the stress-strain relationship of the "tube assembly" under uniaxial compression. Alternatively, its stressstrain relationship was obtained using a numerical approach including following four steps: (1) confirming the finite element method (FEM) based model of the thin-walled tube presented in [15] ; (2) determining the material and dimension of an individual thin-walled tube used in the "tube assembly"; (3) understanding the mechanical behavior of individual thin-walled tube under uniaxial compression using the confirmed FEM model; (4) obtaining the stressstrain relationship of an "equivalent tube" in the form of a hexahedron which was actually used in models in Section 3 for the sake of numerical efficiency.
Step 1 (FEM model in [15] ). A FEM-based model for smallscale thin-walled steel tubes under uniaxial compression was developed in [15] and verified using experimental results. The modelling approach was rebuilt by the authors to obtain a reliable numerical tool. Table 1 presents the material properties of low carbon steel ST12 used in [15] . As an example, Figure 5 compares the force-displacement curve simulated by the authors with the experimental results of the circular tube in [15] . It was found that the concertina failure mode was well simulated and both curves featured the folding or sawtooth form. This feature was due to axisymmetric and sequential folding starting at one end of the thin-walled steel tube under uniaxial compression [15, 23] . In general, the force magnitude in each folding and the amount of folding were well simulated and agreed well with the test data, indicating the efficiency of the FEM model.
Step 2 (material and dimension of individual thin-walled tube used in "tube assembly"). Large-scale thin-walled steel tubes were assumed to construct the "tube assembly" and have the identical material properties to those of low carbon steel ST12 in [15] . Each large-scale tube had an outer diameter of 850 mm, a wall thickness of 20 mm, and a height of 2400 mm. These dimensions were intentionally chosen to have almost identical geometric scales (i.e., ratios of height to diameter and diameter to thickness) to those of circular tubes in [15] to ensure the occurrence of the concertina mode of deformation.
Step 3 (mechanical behavior of individual thin-walled tube under uniaxial compression). The modelling approach in
Step 1 was used to build a FEM model for the thin-walled steel tube in Step 2 to understand its mechanical behavior under uniaxial compression. Figure 6 illustrates the FEM model for the thin-walled tube with top and bottom rigid planes. Brick elements (SOLID164) were used to discretize the tube with reduced integration. To control zero energy mode, hourglass control type 4 was adopted with a coefficient set to 0.005. The tube was meshed into 150 vertical "levels," 160 circumferential "strips," and four "layers" in the thickness direction. This resulted in a maximum mesh size of about 16.0 mm × 16.7 mm × 5.0 mm. The material model with the keyword * MAT PIECEWISE LINEAR PLASTICITY used in Step 1 was also applied for steel with consideration of strain rate effect. The bottom rigid plane was fixed and the top one was movable with constant downward velocities of 0.5 m/s, 20 m/s, 40 m/s, and 60 m/s, respectively. These velocities fully covered the velocity range of the fragments which impacted ground after the disintegration of the cooling tower in Section 3. The mass and thickness of both planes were negligible. Automatic single surface contact ( * CONTACT AUTOMATIC SINGLE SURFACE) was defined between all the parts with friction coefficient set to 0.3 [15] . Figure 7 presents the force-displacement curves of the thin-walled tube under uniaxial compression at different velocities applied by the top plane. The force was the total response of the bottom plane which was critical for ground vibration in Section 3. Results found a regular fluctuation of the forces with increases in compressive deformation, which is a typical response for a thin-walled steel tube under uniaxial compression [15] . In addition, the forces generally increase with increases in compressive velocities, which was also confirmed in [15] .
Step 4 (stress-strain relationship of an "equivalent tube"). It was not rational to directly incorporate the refined FEM model for thin-walled tubes in Step 3 in "cooling towercushion-soil" models established in Section 3, because this resulted in 4.6 × 10 9 elements of the cushion associated with enormous numerical consumption. Alternatively, a reasonable solution was to construct an "equivalent tube" which had the characteristics of (1) discretization with fewer elements, (2) almost identical mechanical behavior to that of thin-walled tube under uniaxial compression, and (3) almost identical impact-induced ground vibration to that of thinwalled tube. Impact-induced ground vibrations were compared between the "thin-walled tube-soil" model and "equivalent tube-soil" model, which were illustrated in Figures 9(a) and 9(b), respectively. A rigid plane was set on each tube head with initial downward velocities of 20 m/s, 40 m/s, and 60 m/s, respectively. Their tube feet were tied to the soil surface using the keyword * CONTACT TIED SURFACE TO SURFACE. The thin-walled tube was modelled using the approach presented in Step 3. The "equivalent tube" was discretized using brick elements with full integration and divided into four elements in vertical direction, resulting in a mesh size of 850 mm × 850 mm × 600 mm. The soil model has a dimension of 120 m × 120 m in plane and 40 m thickness with its modelling strategy described in Section 3 in detail. As an example, Figure 9 illustrates the computed acceleration histories of observation ground point at a distance of 32 m in radial and vertical directions for the case of initial velocity of 60 m/s. Table 2 presents the maximum acceleration of point in radial and vertical directions at different loading velocities. Ground acceleration in tangential direction was too small due to central symmetry and thereby ignored. Results found that similar ground vibrations were achieved using the "thin-walled tube-soil" model and "equivalent tube-soil" model which meant that the "equivalent tubes" could be incorporated in the "cooling tower-cushion-soil" model in Section 3 to replace the thin-walled tubes. Figure 10 were conducted to compare the vibration reduction by using two materials acting as cushions. Case 1 contained a cooling tower and homogeneous soil with finite dimension to provide a baseline of ground vibration.
(Cooling Tower-Cushion-Soil) Model

Computational Cases. Three computational cases illustrated in
Shock and Vibration No cushion was used in Case 1, while in Cases 2 and 3 foamed concrete and the "tube assembly" were applied as cushion material, respectively. These models did not contain the modelling of nuclear-related facilities and a containment. Actually, a big model to describe the behavior of the integral "cooling tower-soil-containment" system could be built without technical difficulty, however, at the cost of enormous numerical consumption. Alternatively, the containment including nuclear-related facilities could be separately modelled using the ground vibration obtained from "cooling tower-cushion-soil" model as input data with less computational cost. This was beyond the study scope and not demonstrated in this paper. Figure 11 illustrates the dimension and material parameters of a reinforced concrete cooling tower. The cooling tower was excerpted from a practical project as described in [26] at the Jidong Nuclear Power Station with a height of 185 m including a shell body and supporting columns. The cushions of foamed concrete and the "tube assembly," with a height of 4 m and 2.4 m, respectively, were both in the planar form of an octagon with an in-circle radius of 120 m. The choice of the planar size was based on the debris area in the collapse simulation of the cooling tower. Foamed concrete was homogeneously constructed to build the cushion and lateral deformation was generally negligible for foamed concrete under uniaxial compression [27] . However, for the cushion of the "tube assembly," the thin-walled circular tubes with each diameter of 0.85 m were independently arranged with a center-to-center spacing of 1 m, resulting in a minimum gap of 0.15 m between two neighboring tubes, as illustrated in Figure 10 . This gap was intentionally reserved so that (1) the folds of a tube under uniaxial compression could freely form without lateral restraint caused by neighboring tubes; thus, (2) the uniaxial compression state of "equivalent tubes" was properly achieved in numerical simulation. The soil belonged to the commonly used moderately weathered sandy slate [28] . Soil parameters are presented in Table 3 .
Modelling.
Two "cooling tower-cushion-soil" models were developed for Cases 2 and 3, respectively, based on a Nonreflecting boundaries and damping were set in the soil model "cooling tower-soil" model which was applicable to Case 1. Previously, the "cooling tower-soil" model was established by the first author and his collaborators to predict the collapseinduced ground vibration using the program ANSYS/LS-DYNA [2, 4, 8] . Table 4 briefly describes the modelling approach for the cooling tower and soil, and more details can be found in [2, 4, 8] . For modelling the cushion of foamed concrete, brick elements with full integration were used to achieve numerical stability with a mesh size of 1 m × 1 m × 1 m. The material model used in Section 2.1 was also applied. For modelling the cushion of the "tube assembly," 47660 "equivalent tubes" were arranged with each dimension of 0.85 m × 0.85 m × 2.4 m and separated from each other with a center-to-center spacing of 1.0 m. The modelling approach was identical to that presented in Step 4 in Section 2.2. Poisson's ratio of "equivalent tube" was set to 0. Each cushion was appropriately connected to the soil ( * CONTACT TIED SURFACE TO SURFACE). Several considerations were also addressed to make the calculation reasonable and efficient [2, 4, 8] . First, the column feet were numerically separated from the soil surface. By doing this, the earthquake wave was input at the element nodes on column feet. Second, collisions acted among shell fragments as well as between a shell fragment and soil during the collapse process. To simulate these, the commonly used penalty function method was used. The parameters were calibrated using impact test results of concrete blocks [29] . Third, for each tube, the top nodes were constrained ( * CONSTRAINED NODE SET& * BOUNDARY SPC SET) so that they move simultaneously only in vertical direction. Fourth, reduced integration was applied in solid elements in the tower column and in the soil model to make the computation efficient, however, accompanied by undesired zero energy modes. To appropriately control these modes, hourglass control type 4 was applied. Finally, in a FEM-based dynamic analysis of wave propagation, the maximum mesh size of the soil model, , should fit the following Eq. (1) [30] :
where is the wave length corresponding to the dominant wave frequency, ; V denotes the propagation velocity of the wave under consideration.
Seven ground motion waves were individually used to cause the cooling tower to collapse and investigate the ground vibration. One of these waves was an artificial earthquake wave that is commonly used in nuclear engineering for seismic design in China. This earthquake wave matched the standard RG1.60 response spectrum proposed by the US Atomic Energy Commission [16] and was denoted as earthquake wave RG1.60 in this study. Figure 12 presents the acceleration history of the earthquake wave RG1.60 in two horizontal directions ( and ) and vertical direction ( ) with the PGA normalized to 1.0 g. Other six earthquake waves were obtained from the Pacific Earthquake Engineering Research Center [31] with consideration of the soil properties commonly used in NPPs, that is, Coyote Lake (Gilroy Array #1 station), Kobe (Kobe University station), Loma Prieta (Gilroy Array #1 station), Northridge (LA Dam station), San Fernando (Pacoima Dam station), and Whittier Narrows (LA-Wonderland Ave station). The peak ground acceleration (PGA) of these earthquake waves in two horizontal directions and in the vertical directions was first set to 0.3 g, 0.3 g, and 0.2 g (g denotes the acceleration of gravity), respectively. The resulting ratio 0.3 : 0.3 : 0.2 = 1 : 1 : 0.67 was in agreement with the code GB 50267-97 [28] . Each earthquake wave was input on the bottom nodes of the elements on the column feet to shake the cooling tower model. Eventually, incremental inputs were performed gradually with a fixed step increment for PGAs of 0.1 g in two horizontal directions and 0.067 g in the vertical direction until the tower collapsed. In the computation, central difference method was used to solve the dynamic equations with time step controlled by the program and the maximum value of time step being 4 × 10 −5 s.
Model Verification.
The "cooling tower-soil" model was verified in several aspects, including (1) the collapse process analysis of a cooling tower model in a column failure test [32] and in a shaking table test [33] ; and (2) the in situ monitoring of ground vibration caused by falling weight [8] . In addition, an on-site monitoring of ground vibration induced by the demolition of a reinforced concrete chimney was recently performed by the first author and his collaborators and used herein for model verification [18] . The chimney, located in Shanghai, China, was 200 m high and demolished by controlled blasting. A "chimney-soil" model was built to predict the ground vibration using the identical modelling approach in the "cooling tower-soil" model. Figure 13 presents the bird's eye view of the chimney, the chimney dimension, and the position of ground point where ground vibration was monitored [17] . The uniaxial compressive strength of concrete was 23.4 MPa and the yield strength of the reinforcing steel bars was 400 MPa. The reinforcement ratios in the inner and outer sides in circumferential direction were 0.31%-1.1% and 1.1%-3.3%, respectively. Those in meridional direction were 0.33%-1.3% and 1.1%-2.4%, respectively. The soil density, shear wave velocity, dynamic shear modulus, Poisson's ratio, cohesion, and internal friction angle were 2200 kg/m 3 , 244 m/s, 190 MPa, 0.33, 1.64 MPa, and 36.42 ∘ , respectively. The chimney was meshed using 64 "levels" in vertical direction and 157 "strips" in meridional direction, resulting in total of 9678 shell elements. The soil model with a dimension of 600 m × 600 m × 35 m was discretized using 20000 solid elements. The elements actually destroyed by blasting were numerically achieved by a "killing" technique provided by the program ANSYS/LS-DYNA. Figure 14 compares the on-site monitored and simulated acceleration histories of ground vibration at point . Table 5 presents the on-site monitored and simulated acceleration amplitudes of 9.06 9.00 −0.67% * The position of field monitoring point was indicated in Figure 13 . # Error = (simulated value − on-site monitored value)/on-site monitored value. ground vibration at point . Results found that the vibration in the "falling down" and "impacting ground" stages was well predicted with the maximum error of acceleration amplitudes in a range from −2.55% to 2.88%. However, the comparison on the vibration in "blasting" stage was unavailable because the blasting effect was not simulated.
Bird's eye view
Vibration Mitigation
Collapse of Cooling Tower.
The cooling tower survived until a certain PGA of an individual earthquake was reached. As an example, Figure 15 illustrates the collapse process of the cooling tower under the earthquake wave RG1.60 featured with the collapse mode of "collapse in integrity" [8] .
A dominant collapse direction and point at a distance of 300 m for observing ground vibration are also indicated in Figure 15 . Figure 16 illustrates the acceleration histories of collapse-induced ground vibrations at point in radial, tangential, and vertical directions in Cases 1, 2, and 3 for the cooling tower under the earthquake wave RG1.60. Table 6 compares the maximum acceleration amplitudes in radial, tangential, and vertical directions at different distances in Cases 1, 2, and 3 for the cooling tower under seven earthquake waves. In the computation, individual dominant collapse direction for the collapse of the cooling tower under each earthquake wave was used when evaluating ground vibration. Results found that collapseinduced ground vibration was remarkably reduced using each cushion. For the observation point with a distance of 300 m, which is typical spacing between a cooling tower and adjacent nuclear island in China, the averaged maximum acceleration amplitudes were reduced by 91%, 79%, and 92% in radial, tangential, and vertical directions in Case 2 and 53%, 32%, and 59% for those in Case 3, respectively. Evidently, in the concerned cases, foamed concrete was more effective than the "tube assembly." In addition, the vibration reduction became weak with increases in distances.
Vibration Mitigation Effect.
Discussion.
Three issues are discussed in this subsection, that is, mitigation effect of ground vibration, cushion heights, and comparison of mitigation effect with those in previous studies. The different mitigation effects are attributed to related physical properties (e.g., strength and deformability) and associated dynamic responses of the cushions (e.g., compaction height and energy absorption). Firstly, as illustrated in Figures 4 and 8(b) , the strength of foamed concrete averaged about 0.61 MPa and the corresponding values approximately ranged from 13.6 to 20.8 MPa for the "equivalent tube" at different loading velocities. Both cushions had an ultimate strain of about 0.7. In appropriate conditions, a "soft" cushion (e.g., foamed concrete) commonly resulted in a better mitigation effect than a "hard" cushion (e.g., "tube assembly") did. This has been generally accepted in engineering practice and was confirmed in [4] . In other words, the mitigation effect of two cushions will be similar if their related physical properties (e.g., strength and deformability) are comparable. However, detailed studies are beyond the scope of this study. Secondly and consequently, compaction heights of two cushions compressed by fallen shell fragments were significantly different. Figure 17 illustrates the distribution of compaction heights of two cushions for the cooling tower under the earthquake wave RG1.60. Foamed concrete with a height of 4 m was maximumly compacted by about 3.80 m which meant that the foamed concrete was almost fully compressed in the densification stage in certain places. However, the "tube assembly" was maximumly compacted by about 0.61 m which was remarkably less than the compaction height of the foamed concrete of 3.80 m. Thirdly, the energy Shock and Vibration Total energy of system Energy absorbed by foamed concrete Remaining energy of system using foamed concrete Energy absorbed by tube assembly Remaining energy of system using tube assembly Figure 18 : Development histories of total energy of the "cooling tower-cushion-soil" system, energy absorbed by cushions, and remaining energy of the system under earthquake wave RG1.60. absorption capacities of the two cushions were different. Figure 18 illustrates the development histories of the total energy of the "cooling tower-cushion-soil" system, energy absorbed by each cushion, and the remaining energy of the system under the earthquake wave RG1.60. Results revealed that, in the concerned cases, foamed concrete had a higher energy absorption capacity and a less remaining energy than the "tube assembly" did, resulting in a more significant vibration reduction.
The cushion heights of 4 m for foamed concrete and 2.4 m for the "tube assembly" were chosen with consideration of the possible heights of cushions used in practice, available experimental data, and compaction heights impacted by fallen shell fragments. The height of the "tube assembly" was also in conformity with the geometrical parameters of tubes used in previous studies [15] , that is, ratios of height to diameter and diameter to thickness. Variation of the geometrical parameters probably led to failure modes rather than concertina failure mode adopted in this study and, therefore, these geometrical parameters were not changed.
The effect of ground vibration reduction using foamed concrete was compared with that using other methods. In [4] , a "soft" soil (clay) with a depth of 5 m acting as overlying soil above rock, an active isolation trench with a depth of 20 m, and a passive isolation trench with a depth of 20 m were used to reduce collapse-induced vibration, respectively. The maximum acceleration amplitudes were reduced in a range of 28%−54%, 39%−57%, and 12%−32% at a point with a distance of 350 m, respectively. Generally speaking, for onetime impact-induced ground vibration, the effect of vibration reduction using foamed concrete is more efficient than those using methods of overlying "soft" soil and isolation trenches.
Conclusions
A numerical study was performed to investigate the mitigation of collapse-induced ground vibration using two materials acting as cushions, that is, foamed concrete and the "tube assembly" to enhance the resilience of the "cooling towersoil-containment" system against the postearthquake disaster in NPPs. These two materials have high energy dissipation capacity and, however, were not found to be used in the field of vibration control. This study demonstrates the enormous potential of the two materials in vibration reduction using seven earthquake waves. For foamed concrete with a height of 4 m, collapse-induced ground vibration at the point at a distance of 300 m was reduced by 91%, 79%, and 92% in radial, tangential, and vertical directions. These values were 53%, 32%, and 59% for the "tube assembly" with a height of 2.4 m. Clearly, a remarkable effect of vibration mitigation was achieved. In the concerned cases, foamed concrete was more efficient than the "tube assembly" and other methods, for example, using overlying "soft" soil and isolation trenches in the previous studies.
An optimization approach is possible, for example, in terms of material properties and height of each cushion. This approach was not performed in this study and will be addressed in future research.
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